This paper analytically demonstrates the use of multiple piezoelectric actuators bonded to the surface and point force actuators applied directly to a plate to reduce sound transmission through the plate. A harmonic plane wave incident on a simply supported, thin rectangular plate mounted in an infinite baffle was considered as the primary source. Both multiple piezoelectric and point force actuators are separately used as secondary (control) sources to attenuate the sound transmission through the plate. An optimal process was applied to obtain the input voltages of the piezoelectric actuators and the magnitude of the point forces, so that the radiated acoustic power can be minimized. 
In this paper, harmonic plane sound waves incident on a simply supported thin rectangular plate are considered as primary sources. Either piezoelectric or point force actuators are employed as secondary (control) sources to reduce the sound transmission through the plate. An optimal control theory w is adopted to optimize the input complex voltages to the piezoelectric or point force actuators so as to minimize the total radiated acoustic power from the plate. This has the effect of increasing the plate transmission loss. The performance of the piezoelectric and point force actuators is evaluated for various input frequencies, number, and location of control inputs. Finally, a comparison between the effectiveness of piezoelectric actuators versus point force actuators in terms of reduction in transmitted sound power is made. The investigation is thought to lay out the fundamental aspects of piezoelectric devices in terms of practical appli- shows the arrangement and coordinates of the system. For the present analysis, the plate response is calculated for light fluid loading, and thus radiation loading effects on plate dynamics are ignored. The structural damping is also assumed to be negligible. The oblique incident plane wave is described by
Pi (x,y,t) = Pi ei(•øt-kxsin 0icøs qbi--kysin O/sin qb i)
To calculate the radiated acoustic field, the plate vibration must be completely described. The plate displacement can be written as 9
w(x,y) = • • Wran sin arax sin/3ny,
ra=l n=l where ara = rnrr/L•, , 
If we let 
It is noted that ,• is the optimized vector which is defined in Eq. (32). Similarly, when point forces are used as control sources, one can easily find the corresponding optimal solution.
D. Plate transmission loss
For the incident acoustic plane wave at angle 0i and •bi, the incident acoustic power is easily shown to be IIi= P•LxLy cos Oi/2pc , 
Transmission loss is an evaluation of the inverse of sound transmission efficiency; hence the larger the value of TL, the less sound power is transmitted through the panel with a corresponding improvement in reduction of global sound radiation. Table I shows the physical properties of the rectangular plate which was used for illustrative results. Table II Table IV . The modal amplitude of the (re,n) mode expressed in dB is normalized by that of the (1,1) mode due to the incident plane wave alone. As expected, the ( 1,1 ) mode dominates the plate vibration, because the incident plane wave is harmonically excited near the (1,1) mode resonance frequency. When one piezoelectric is employed, the ( 1,1 ) mode is well controlled; however, the significant energy is spilled into the (3,1 ) mode, and the amplitude of the (3,1) mode is raised. The residual plate displacement distribution thus takes on the shape of the (3,1 ) mode. Note, however, that the (2,1 ) amplitude is unchanged because of the central location of the single actuator. This result accounts for the sound radiation pattern observed in Fig. 2 . When two actuators are employed, the (2,1 ) amplitude is now reduced, but further control spillover occurs into the (3,1 ). Nevertheless, the total sound power radiated falls. Two control characteristics due to applying se- Table IV . This is also reflected in the residual displacement, as shown in Fig.  3 . The displacement distribution appears to have a shape, due to the response, of many higher-order modes. This higher-mode plate response results in volumetric cancellation and thus explains the high-power reduction as observed in Fig. 2. For the next results, the circular frequency of the primary input was increased to 190 Hz, near the resonance of the (2,1 ) mode. Figure 4 shows the resultant radiation directivity for one, two, and three piezoelectric actuators with the same size and locations as those in Fig. 2 . As can be seen, the primary field appears to have the shape of a distorted (2,1 ) mode. This is logical, since the excitation frequency is near the (2,1 ) resonance point, and thus the (2,1 ) mode dominates the response. This is supported by the results of Table V mode may be far lower than that of the (2,1 ) mode. However, the ( 1,1 ) mode can still contribute significantly to the radiated field. Hence small changes in plate response can lead to large changes in the radiated field. It is also apparent that the total plate response increases at x/Lx = 0.5, and this is due to spillover into the (3,1 ) mode. However, this is again not manifest in an increase in radiated levels due to the phenomenon of "modal restructuring. "2 The characteristic of modal restructuring implies that when control is applied, the plate response is not globally reduced, but possibly even increased and changed to a higher-order response. This higher-order plate response generally has a smaller radiation efficiency: therefore, sound radiation from the plate is eventually attenuated, even though plate response has increased. Similar results can be observed for other actuator configurations in Fig. 5 and correspond well to what is seen in Fig. 4 and Table V.
II. ANALYTICAL RESULTS

B. Comparison between piezoelectric and point force actuators
It will be of great interest to compare the control performance between piezoelectric and point force actuators. Piezoelectric actuators have been recently introduced to active structural acoustic control, while point force actuators are customarily used. The radiation directivity patterns and displacement distributions for using point force actuators were found to be similar to those for using piezoelectric actuators in Figs. 2-5. Thus these results were not shown; instead, a comparison between piezoelectric and point force actuators in terms of control performance was made. In order to compare the control effectiveness of piezoelectric actuators with that of point force actuators, the point force was chosen to be located at the center of a piezoceramic patch. The effects of size and location of the piezoceramic patch, however, were not addressed in this paper. Wang et al. 9 discussed these effects and demonstrated that the locations of actuators were best chosen where the plate has the largest out-of-plane response. Here, the radiation directivity, plate displacement distributions, and total reduction of radiated acoustic power were shown to evaluate the relative performance and piezoelectric and point force actuators. apparent that the use of point force actuators has again led to significantly less spillover into the i'esidual (3,1 ) mode than the use of piezoelectric actuators.
Three actuators
For a stringent comparison test, the circular frequency is now reduced to 140 Hz, which is off-resonance between the ( 1,1 ) and (2,1 ) mode resonance frequencies. Being offresonance, it is expected that more modes can contribute to the plate response and radiated field, thus exacerbating control spillover effects. Figures 10 and 11 give the radiation directivities and displacement distribution of this frequency. Again, it is apparent that the point control forces lead to less spillover and improved control performance, in terms of reduction of radiated sound level, than piezoelectric excitations.
Finally, Table III • -5o is equally coupled to all uncontrolled modes in the wavenumber domain, while the piezoelectric element has reduced coupling and results in a reduced range of achievable modal modification (i.e., the degree of modal restructuring is limited). However, this topic is out of the context of this paper and will be the subject of another publication, ]5 which presents the near-field response as well as wave-number domain analysis. It is also interesting to note that the original concepts concerning the improved performance with distributed control were made from studies which considered an infinite number of point forces distributed over a beam. ]6 Although piezoceramics are in a sense distributed, they exert a constant control input over finite regions of the structure, which is significantly different from the configuration of Meirovitch and Norris, •6 and this characteristic is believed to lead to the different conclusion observed in this work. 
